MnFe 2 O 4 /bentonite nanocomposite was synthesized by chemical co-precipitation method. The prepared nanocomposite was characterized by X-ray diffraction (XRD), vibrating sample magnetometer (VSM) and scanning electron microscopy (SEM) techniques. The XRD results indicated the montmorillonite associated with quartz phases in the structure of MnFe 2 O 4 /bentonite nanocomposite synthesized. VSM was carried out to characterize the magnetic properties of the nanocomposite prepared. SEM images of the nanoadsorbent showed that nanocomposite has a uniform structure in the range of 50-200 nm in diameter. Adsorption characteristic of the synthesized nanocomposite was examined to evaluate adsorption of the cobalt(II) ion from aqueous sample solutions and at pH range of 4.5-5.0 the maximum amount of cobalt(II) ion was adsorbed. The maximum adsorption capacity of cobalt(II) was determined to be 22.42 mg g −1 . The results showed that nanocomposite has catalytic activity higher than the bentonite itself. The results obtained from the adsorption kinetic studies showed that adsorption behavior of cobalt(II) ion onto nanoadsorbent conformed to Langmuir isotherm model and pseudo-second-order kinetic.
Introduction
Heavy metal removal from water, groundwater and industrial wastewater are currently an important environmental concern. It is important to create awareness about the possible effects of increasing levels of environmental heavy metals pollutions on human health and the environment [1] . A great deal of effort has been devoted to the effective removal or separation of heavy metal ions from environmental matrices. Various treatment techniques available for the removal of heavy metals are as follows: adsorption, chemical precipitation, ion exchange, coagulation, reverse osmosis, electrolysis, membrane process, etc. [2] [3] [4] [5] . Adsorption is universal, fast and applicable method for the removal of organic and inorganic pollutants even at low concentrations. Recent research focused on adsorbents such as activated carbons, zeolites, clays, biomass, chitosan, polymeric [6] [7] [8] and magnetic composite used to removal of heavy metals from industrial wastewater [9] . Natural clays are low-cost and readily available materials functioning as excellent cation exchangers. Clay and its various modifications have been extensively employed for the treatment of water and wastewater. Zeolites as one of the low-cost adsorbents showed capability to adsorb heavy metals. The use of zeolites for Co(II) removal was studied [10] . Different types of clays as low-cost adsorbents, for heavy metal removal have been reported [11, 12] such as sepiolite clay for the removal of Co(II) ions from polluted [13] . Smectite clays such as bentonite and montmorillonite are fundamental soil components and are abundant in nature [14] [15] [16] [17] . The adsorption capacity of clays results from a relatively high surface area and a net negative charge on their structure, which attracts and holds cations [18, 19] . Bentonite has a 2:1 layer structure and it consists of alumina octahedral layer sandwiched between two silica tetrahedral layers [20] . Chemical modifications on clays with acids, bases, cationic surfactants and certain polyhydroxyl cations were conducted to improve their adsorption capacity [21] . It was reported that the intercalation of certain metal oxides on 2:1 clay minerals significantly led to an increase in the adsorption capacity [22] .
The applications of magnetic particles to solve environmental pollutant problems were also considered. Magnetic particles and nanomaterials could be used to adsorb contaminants (such as MnFe 2 O 4 azo dye) from aqueous or gaseous effluents and after adsorption process; the adsorbent could be easily separated from the medium [23] . Several materials such as magnetic porous ferro-spinel MnFe 2 O 4 [24] , magnetic Co 0.6 Fe 2.4 O 4 micro-particles as [25] and nano-magnetic iron oxide-nanosilicon oxide have been used and evaluated to removal of heavy metals [26] .
In recent years, there are a growing interest in use of nanocomposite materials such as magnetic zeolite composite [27] 
Instrumentation
A Metrohm digital pH-meter (model 692, Herisau, Switzerland) equipped with a glass-combination electrode was used for pH adjustment. The measurements of Co(II) ions were performed with a flame atomic absorption spectrometer (Thermo Electron Corporations Series) equipped with a hollow cathode lamp and a deuterium background corrector. The hollow cathode lamp of cobalt was operated at 4 mA and wavelength at 240.7 nm.
Synthesis of MnFe 2 O 4 /bentonite nanocomposite
MnFe 2 O 4 /bentonite magnetic nanocomposite was synthesized by co-precipitation method [36, 37] . Briefly, 10 g of bentonite (200 mesh) was added into a solution containing manganese(II) chloride (0.02 mol) and ferric(III) chloride (0.04 mol) at room temperature (25°C). The pH adjusted by
) solution to pH of 10 and stirring was continued for 30 min. Next, the suspension was heated at temperature of 85°C-90°C for 2 h. The solution was cooled at room temperature, and the product (prepared magnetic nanocomposite) was repeatedly washed several times with distilled water. Finally, the obtained product was separated from water media and dried at 105°C for 2 h.
Analytical procedure
A 50 mL of sample solution containing Co(II) ions at different concentrations with 200 mg of adsorbent were mixed. Next, pH of sample solutions was adjusted by using 0.1 mol L −1 of HCl (1.0-3.0 range), 0.1 mol L −1 of acetic acid/sodium acetate (4.0-6.0 range) and 0.5 mol L −1 of NH 3 or 0.1 mol L −1 of NaOH (7.0-8.0 range). The mixture (cobalt(II) ions) was agitated in the mechanical shaker at 350 rpm for 10 min (or at different time intervals) at room temperature to create contact with adsorbent. After adsorption process, the mixture was filtered using Whatman filter paper. The amount of Co(II) ions remaining in the filtrated solution was measured using FAAS. The experiments were performed to evaluate the adsorption capacities of MnFe 2 O 4 /bentonite nanocomposite at different pH (2.0-8.0) and contact times. All the experiments were performed in triplicate. For regeneration studies, the adsorbent was centrifuged with 0.1 mol L −1 of NaOH solution. The adsorbed amounts (q) of cobalt(II) ions were calculated by following equation (1):
where C 0 and C e are the initial and equilibrium concentra-
), respectively, m is the mass of nanocomposite (g) and V is the volume of sample solution (L). (Fig. 1) .
Results and discussion

Characterization of synthesized MnFe 2 O 4 /bentonite nanocomposite
The morphology of natural bentonite and MnFe 2 O 4 / bentonite nanocomposite before and after adsorption process was evaluated by scanning electron microscopy (SEM; Figs. 2(a)-(c) ) and obtained images showed that agglomeration of many micro fine particles in diameter of 50-200 nm for MnFe 2 O 4 /bentonite nanocomposite, which lead to a rough surface and porous and almost uniform structure and furthermore was evidence to high surface area of the resultant MnFe 2 O 4 /bentonite nanocomposite.
Evaluation of magnetic properties measurements was carried out at room temperature using a vibrating sample magnetometery (VSM). Fig. 3 shows the hysteresis loops of the MnFe 2 O 4 /bentonite nanocomposite. Under applied magnetic field and at room temperature, the nanocomposite exhibits a clearly hysteretic behavior. The product has high magnetic sensitivity due to the attraction toward the magnet in a short time. In addition, results showed that nanocomposite could be potentially used as a magnetic adsorbent.
Effect of contact time
The effect of contact time of adsorption of cobalt(II) onto bentonite and MnFe 2 O 4 /bentonite nanocomposite is shown in Fig. 4 . For MnFe 2 O 4 /bentonite nanocomposite, amounts of Co(II) adsorbed is higher than (about 37.5%) the natural bentonite after 10 min contact time, which shows MnFe 2 O 4 / bentonite nanocomposite, exhibits an excellent adsorbent/ catalyst.
The adsorption process could be divided into two steps, a quick step and a slow one. In the first step, the adsorption rate was fast, and 97% of the equilibrium adsorption capacity was achieved within 10 min. In the subsequent step, the adsorption was slow and reached equilibrium at 1 h. It is obvious from the fact that a large number of surface sites are available for adsorption at the initial stages, and after a lapse of time, the remaining surface sites are difficult to be occupied because of the repulsion between the solute molecules of the solid and the bulk phase occurred. This is due to higher contact between the sorbent surface and Co ions.
Adsorption isotherm
Adsorption capacity and adsorption behavior of Co(II) on MnFe 2 O 4 /bentonite nanocomposite can be illustrated by adsorption isotherm. Data from the adsorption isotherms were modeled using the Langmuir, Freundlich and Temkin isotherm models with the resulting isotherm constants presented in Table 1 .
The Langmuir isotherm theory is based on the assumption of adsorption on a homogenous surface [38] . The Langmuir equation can be written in the following equation:
The linearized form of Langmuir equation can be written as follows (Fig. 5(a) ):
where q e is the solid-phase equilibrium concentration (mg g
; C e is the liquid equilibrium concentration of Co(II) in solution (mg L −1 ); K L is the equilibrium constant related to the affinity of binding sites (L mg −1 ); and q max is the maximum amount of the Co(II) per unit weight of adsorbent for complete monolayer coverage.
The Freundlich isotherm describes adsorption where the adsorbent has a heterogeneous surface with adsorption sites that have different energies of adsorption [39] . The energy of adsorption varies as a function of the surface coverage (q e ) and is represented by Freundlich constant K F (L g −1 ) in Eq. (4):
where K F is roughly an indicator of the adsorption capacity and n is the heterogeneity factor which has a lower value for more heterogeneous surfaces. In most references, Freundlich adsorption Eq. (4) may be also expressed as Eq. (5) (Fig. 5(b) ):
The Temkin isotherm model assumes that heat of adsorption (function of temperature) of all molecules in the layer would decrease linearly with the coverage of molecules [40] . The nonlinear form of Temkin may be also expressed as Eq. (6) (Fig. 5(c) ):
where (RT/b = B T ) and T is the absolute temperature in Kelvin, R is the universal gas constant, b is related to the heat of adsorption and A is the equilibrium-binding constant corresponding to the maximum binding energy. All the R 2 value, and the constants obtained for the models from Table 1 show that the Langmuir isotherm is the suitable equation to describe the adsorption equilibrium of Co(II) on the MnFe 2 O 4 /bentonite nanocomposite.
Kinetic of adsorption
In order to predict adsorption kinetic model of cobalt solutions, pseudo-first-order and pseudo-secondorder kinetic models were applied to the data. The pseudo-first-order model assumes that the rate of change of solute uptake with time is directly proportional to difference in saturation concentration and amount of solid uptake with time [41] [42] . The linear form of pseudo-first-order model could be expressed as Eq. (7):
where q e and q t are the amounts of Co(II) adsorbed per unit mass of the adsorbent (mg g −1 ) at equilibrium and time t, respectively, and k 1 is the rate constant of adsorption (min
). When ln(q e − q t ) was plotted against time, a straight line should be obtained with a slope of −k 1 , if the first-order kinetics is valid.
The pseudo-second-order model has the following form:
where q e and q t represent the amount of Co(II) adsorbed (mg g −1 ) at equilibrium and at any time, k 2 in the rate constant of the pseudo-second-order equation (g mg −1 min −1 ). A plot of t/q t vs. time (t) would yield a line with a slope of 1/q e and an intercept of 1/(k 2 q e 2 ), if the second-order model is a suitable expression.
The plot between ln(q e − q t ) vs. time t shows the pseudo-first-order model and the plot of t/q t vs. time t shows the pseudo-second-order model (Figs. 6 and 7) .
The kinetic model with a higher correlation coefficient R 2 was selected as the most suitable one. It was found that application of pseudo-second-order kinetics provides better correlation coefficient of experimental data than the pseudo-first-order model for the Co(II) onto nanocomposite adsorbent. The good correlation coefficients were obtained by fitting the experimental data to Eq. (6) Table 2 .
Effect of pH of sample solution
The effect of pH on the adsorption of Co(II) onto MnFe 2 O 4 / bentonite nanocomposite was studied by varying the pH of solution from 2.0 to 8.0. The experiments were carried out for 50 mL of Co(II) ions with initial concentration of 100 mg L It is evident that the amount of adsorption strongly depends on pH solution of media. The adsorption percentage of Co(II) by MnFe 2 O 4 /bentonite nanocomposite is increased with the increase of the pH value, and the maximum uptake of the Co(II) takes place at around pH of 8.0 (Fig. 8) . It was noticed that when the pH value was more than 5, the adsorption amount increased dramatically; this was attributed to the fact that heavy metal ions such as cobalt (II) ions started to precipitate (to form metal hydroxide, Co(OH) 2 ) leading to the reduction of the metal ions in the aqueous solution at higher pH value. However, pH range of 4.5-5.0 was selected as optimum amount that yield a good recovery.
Comparison of capability of present method vs. similar work
The removal of Co(II) ions from different aqueous media by different adsorbents has been studied extensively, and capability of MnFe 2 O 4 /bentonite nanocomposite rather than common adsorbents reported previously are comprised in Table 3 .
It could be seen that adsorption capacities of present nanocomposite was higher than other ones and indicate that prepared nanocomposite has great ability and potential in the removal of Co(II) ions from aqueous sample solutions.
Conclusions
Results showed that MnFe 2 O 4 /bentonite has magnetic properties, nanostructure and high adsorption capacity (22.42 mg g −1 ). Separation/removal of cobalt was fast, simple and effective procedure. Synthesize of MnFe 2 O 4 / bentonite nanocomposite was carried out by chemical co-precipitation method and characterized by SEM, XRD and VSM techniques. Removal of Co(II) ion was highly dependent on pH of sample solution and pH range of 4.5-5.0 was selected as optimum amount. Adsorption experiments revealed that the nanocomposite has much higher catalytic activity rather than the bentonite. Langmuir isotherm is the suitable model to describe the adsorption equilibrium and good correlation coefficients were obtained by fitting the experimental data indicating that adsorption kinetic of Co(II) on MnFe 2 O 4 /bentonite is pseudosecond order. 
